Introduction {#Sec1}
============

RNA is a long chain of nucleotides acid molecule which consists of A (Adenine), U (Uracil), G (Guanine) and C (Cytosine). The four-base arrangement allows RNA to have a variety of functions that can play a role in genetic coding, translation, regulation, and gene expression. The search for the secondary structure of RNA sequence has been widely used as the first step in understanding biological functions \[[@CR1]\]. The RNA secondary structure folds itself by forming hydrogen bonds between G-C, A-U, and G-U. Therefore, the prediction of RNA secondary structure is returned to predict all hydrogen connections from the primary structure of the sequence. Many components can be identified in the secondary structure, such as stacked pairs or stacks, hairpin loop, multi-branched loop or Multi-loops, bulge loop, and internal loop. The component structures can be represented by a schematic representation or arc representation, as shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1.(a) Typical RNA Secondary Structure. (b) Arc representation of a typical RNA secondary structure. This image was created using jViz.Rna \[[@CR2]\].

Pseudoknots usually contains not well-nested base pairs, as shown in Fig. [1](#Fig1){ref-type="fig"}(b). These non-nested base pairs make the presence of pseudoknots in RNA sequences more difficult to predict by dynamic programming, which use a recursive scoring system to identify paired stems. The general problem of predicting minimum free energy structures with pseudoknots has been shown to be NP-complete \[[@CR3]\].

The dynamic programming (DP) is the first computational approach used to predict RNA structure \[[@CR4]--[@CR8]\]. It can be seen that the temporal and spatial complexity of the prediction algorithm for dynamic programming is high, which is not good for the algorithm to make predictions for long sequence because it will take more time and resources. The other prediction approaches are based on heuristic methods and thermodynamics models \[[@CR9]--[@CR13]\].

In this paper, we propose a novel efficient simulated annealing algorithm to predict nucleic acid secondary structure with pseudoknots. The performance of our algorithm compared with RNA structure method using PseudoBase \[[@CR14]\] benchmark instances. The comparison result shows that our algorithm is more accurate and competitive with higher sensitivity and specificity values.
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For a given RNA sequence *X* = 5'−*x*~1~*x*~2~...*x*~*n*~−3' of length n, *M*(*X*) is the mapping string of complementary base-pairs of *X*, *M*(*X*) = (*m*~1~, *m*~2~, ..., *m*~*i*~, ..., *m*~*n*~). Each *m*~*i*~ corresponds to the form of $\documentclass[12pt]{minimal}
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The Proposed Approach {#Sec3}
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In computer-simulated base pairing, we do not pair individual bases but use successive base pairs. We reduced the range of all possible base pairs by setting *MinStem* and *MinLoop* parameters. Assume that there are three variables i, j, k, which $\documentclass[12pt]{minimal}
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Evaluation Function {#Sec5}
-------------------

For most MFE based RNA secondary structure prediction algorithm, the complex thermodynamic model is often used to evaluate candidate solutions \[[@CR15]\]. There are no useful information to guide the candidate solution to find lower neighbor energy state. Consequently, the convergence of these MFE based prediction algorithms is very slow. However, among all of the secondary structure, only the successive base pairs stack structure $\documentclass[12pt]{minimal}
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Overall Algorithm {#Sec6}
-----------------

The process of natural RNA folding to its minimal free energy state is very similar to the annealing process. In addition, compared with other heuristic prediction algorithms, such as genetic algorithms, the SA algorithm has faster convergence. Therefore, the paper proposes a new method to predict the RNA secondary structure with pseudoknots based on SA framework. This algorithm framework is as follows:

Experiments Result {#Sec7}
==================

The computational result of our algorithm is compared with IPknot \[[@CR16]\], TT2NE \[[@CR17]\], CyloFold \[[@CR18]\] on 10 benchmark instances in PseudoBase RNA database. The evaluate indicators are *sensitivity* (SN) and *specificity* (SP) \[[@CR19]\], as shown in Eq. ([8](#Equ7){ref-type=""}).$$\documentclass[12pt]{minimal}
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Where TP represents the number of correctly predicted base pairs; FP represents the number of incorrectly predicted base pairs; FN represents the number of unpredicted base pairs compared to the known structure. When the prediction results are accurate, both SN and SP should be close to 100*%*.

The comparisons of the proposed method with the other methods are shown in Table [1](#Tab1){ref-type="table"}. In terms of sensitivity, the proposed method provides the best results in six sequences, yields not the worst result in remaining sequences. In terms of specificity, the proposed method yields the best results in three sequences, similar result in five sequences, and inferior results in two sequences. On average, from all sequences, the proposed method outperforms the other methods in all measure. It has average sensitivity and specificity of 92.6*%* and 84.3*%* respectively.Table 1.Comparison results with sensitivity and specificity indicatorSequences\[[@CR18]\]IPknotTT2NEOPA\[[@CR18]\]IPknotTT2NEOPASensitivitySpecificityEc_PK385.771.4**100.0**92.9**100.0**76.9**100.0**92.9BEV93.881.387.5**100.0100**81.366.776.2BaEV86.70.0**100.0**93.3**81.3**0.065.270.0VMV100.050.092.9**10073.7**38.965.070.0ALFV100.064.7**100.010073.9**45.870.870.8SARS-CoV69.269.251.7**84.6**72.078.346.9**100**BCRV196.776.7**100.0100.0**85.382.1**96.896.8**AMV371.874.474.4**89.7**80.096.772.5**100**RSV97.471.8**97.4**92.388.490.3**90.5**90.0CCMV366.7**84.4**71.173.366.7**88.4**71.176.7**Average**86.871.587.5**92.6**82.175.474.6**84.3**

Conclusion {#Sec8}
==========

This paper proposes efficient SA algorithm for the RNA secondary structure predicting with pseudoknots, combined with the evaluation function to compensate for the high time complexity of the free energy calculation model. The algorithm sets the *MinStem* and *MinLoop* parameters to determine the pseudoknot structure formed by the base pair cross-combination, and optimizes the pool of candidate solutions, thereby reducing the time cost of the algorithm. We use the evaluation function to further reduce the time consumption of RNA secondary structure prediction algorithms. Moreover, the performance of our algorithm is compared with state of art algorithms using ten PseudoBase benchmark instances, and the comparison result shows that our algorithm is more accurate and competitive with higher sensitivity and specificity values.

This work was supported by the National Natural Science Foundation of China (Grant No. 61472293). Research Project of Hubei Provincial Department of Education (Grant No. 2016238).
